We performed liquid chromatography-tandem mass spectrometry (LC-MS/MS) on control and TGF-β1-exposed rat lung fibroblasts to identify proteins differentially expressed between cell populations. A total of 196 proteins were found to be differentially expressed in response to TGF-β1 treatment. Guided by these results, we next determined whether similar changes in protein expression were detectable in the rat lung after chronic exposure to silica dust. Of the five proteins selected for further analysis, we found that levels of all proteins were markedly increased in the silica-exposed rat lung, including the proteins for the very low density lipoprotein receptor (VLDLR) and the transmembrane (type I) heparin sulfate proteoglycan called syndecan 2 (SDC2). Because VLDLR and SDC2 have not, to our knowledge, been previously linked to the pathobiology of silicosis, we next examined whether knockdown of either gene altered responses to TGF-β1 in MRC-5 lung fibroblasts. Interestingly, we found knockdown of either VLDLR or SDC2 dramatically reduced collagen production to TGF-β1, suggesting that both proteins might play a novel role in myofibroblast biology and pathogenesis of silicainduced pulmonary fibrosis. In summary, our findings suggest that performing LC-MS/MS on TGF-β1 stimulated lung fibroblasts can uncover novel molecular targets of activated myofibroblasts in silica-exposed lung.
Proteomic profile of TGF-β1 treated lung fibroblasts identifies novel markers of activated fibroblasts in the silica exposed rat lung Mao 
Introduction
Silicosis is a highly prevalent occupational condition that is caused by chronic inhalation of crystalline silica particulates (aerodynamic diameter < 5 µm) into the distal air spaces of the lung. Though this disease is largely preventable by implementing strict safety and health standards at work, silicosis remains one of the more common occupational disorders in many parts of the world, including China.
Although silica dust has been shown to injure many cell types in the lung it is generally believed that activated myofibroblasts play a central role in driving the development of disease. Central to this activation is signalling through the transforming growth factor β1 (TGF-β1) receptor, which leads to a cascade of events that trigger the transdifferentation of fibroblasts to myofibroblasts and induce the production of large quantities of collagen and other extracellular matrix materials [4] [5] [6] . Despite decades of work on TGF-β1 signalling in lung fibroblasts much remains to be learned about molecular mechanisms controlling myofibroblast growth and activation. Moreover, it is largely believed by many experts in the field that gaining additional insight into biological events downstream of TGF-β1 signalling could lead to the identification of new molecular targets for the treatment of silicosis and various other fibrotic lung conditions.
In our previous work, we utilized a 2-DE proteomic approach to identify novel biomarkers of silicosis [19] . And using 2-DE technique revealed the decline of antioxidant capacity in alveolar epithelium is the key factor in the pathogenesis of idiopathic pulmonary fibrosis (IPF) https://doi.org/10.1016/j.yexcr.2019.01.010 Received 12 October 2018; Received in revised form 24 December 2018; Accepted 10 January 2019 and found some novel targets for IPF treatment [7, 8] . Quantitative accuracy in recent developments in mass spectrometry methods has substantially increased, and sensitivity of detection and sample throughput will thus enable a more systematic characterization of cellular mechanosensing [17] . And, it is now clear that using isobaric tags for relative quantification (iTRAQ) has several advances over the 2-DE approach including higher throughput quantification, decreased analytical time, and lower run-to-run variation [14] . With this in mind, the objective of this work was to utilize iTRAQ coupled liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify novel markers of activated rat lung fibroblasts and to utilize this information to assess whether similar markers were upregulated in the rat lung after chronic exposure to silica dust.
Materials and methods

Cell culture
Rat lung fibroblasts were isolated from 1 to 3 day old Wistar rats as previously described [20] . Briefly, freshly isolated cells were culture for 3-4 passages and then transferred to low serum conditions (0.5% FBS) for 24 h. Following serum deprivation, cell were treated with 5 ng/mL TGF-β1 (240-B; R&D Systems, Inc., Minneapolis, MN, USA) or vehicle control for 24 h and whole cell lysates were collected for later analysis [19] . For each group, cells from 10 independent samples were pooled for proteomics analysis.
Fibroblasts used in our studies were derived from the lungs of control and silica-exposed rats [16] and the MRC-5 cell line. Fibroblasts were cultured in MEM containing 2% HEPES, 1% nonessential amino acid, and 10% FBS. Transient transfections were carried out using lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's recommendations. Knockdown was performed by exposing MRC-5 cells to 10 ng of siRNA targeting either very low-density lipoprotein receptor (VLDLR) or syndecan-2 (SDC2). Six hours after transfection, cells were washed and exposed to medium containing vehicle control or TGF-β1.
siRNAs used in our studies were derived from following sequences: 1) VLDLR-siRNA 1: GUGCAACAAUGGCCAGUGU dTdT; CACGUUGUU ACCGGUCACA dTdT; 2) VLDLR-siRNA 2: GCGAGUGCAUCCAUAAGAA dTdT; CGCUCACGUAGGUAUUCUU dTdT; 3) VLDLR-siRNA 3: GAUCG ACAAUGUCUAUAAU dTdT; CUAGCUGUUACAGAUAUUA dTdT; 4) SDC2-siRNA 1: CCACGACGCUGAAUAUACA dTdT; GGUGCUGCGACU UAUAUGU dTdT; 5) SDC2-siRNA 2: GUUGGUGUAUCGCAUGAGA dTdT; CAACCACAUAGCGUACUCU dTdT; 6) SDC2-siRNA 3: GGAGAA CGCAAACCAUCCA dTdT; CCUCUUGCGUUUGGUAGGU dTdT.
Sample preparation for LC-MS/MS analysis
Proteins for LC-MS/MS were as prepared previously described [18] (Promega, Fitchburg, Wisconsin, USA). Briefly, cell lysates were loaded onto a 10-kDa filter unit (Pall Corp., Port Washington, New York, USA), and filter was sequentially washed with UA (8 M urea in 0.1 M TrisHCl;pH 8.5) and ABC (25 mMNH 4 HCO 3 ) buffers. Proteins in collected samples were then denatured in 20 mM DTT at 50°C for 1 h and carboxyamidomethylated with 50 mM iodoacetamide (IAA) for 45 min. This step was followed by a digestion step using Trypsin Gold (1:50) at 37°C overnight. Peptide fragments were next desalted using Oasis HLB cartridges (Waters, Milford, Massachusetts, USA), dried by vacuum centrifugation (Thermo Fisher Scientific, Bremen, Germany) and again collected as a filtrate. Finally, samples were labelled with 4-plex iTRAQ reagent (AB Sciex) according to the manufacture's protocol, with the control group labelled with tag 116 and TGF-β group with tag 117.
High-performance liquid chromatography (HPLC) separation
Pooled mixtures of labelled samples were fractionated using a highpH HPLC on a Waters Xbridge C18 column (4.6 mm × 250 mm, 3 µm). Samples were loaded onto a column equilibrated in buffer A1 (H 2 O; pH10), with an elution gradient of 5 -25% buffer B1 (90% ACN; pH10) and a flow rate = 1 mL/min for 60 min. Flow-through was collected at 1 min intervals for a total of 60 fractions. Solutions were then dried, resuspended in 0.1% formic acid, and pooled by concatenating fractions 1, 31; 2, 32; and so on. Analyses were performed on just odd number fractions.
LC-MS/MS analysis
Each fraction was analysed with a reverse-phase-C18 self-packed capillary LC column (75 µm × 100 mm), with an elution gradient of 5-30% buffer B2 (0.1% formic acid, 99.9% ACN; flow rate = 0.3 μL/ min) for 40 min. A Triple TOF 5600 mass spectrometer was used to analyze the eluted peptides, with each fraction run in duplicate. The MS data were acquired using the high-sensitivity mode with the following parameters: 30 data-dependent MS/MS scans per full scan; full scans acquired at a resolution of 40,000 and MS/MS scans at a resolution of 20,000; rolling collision energy, charge state screening (including precursors with a charge state of +2 to +4), and dynamic exclusion (exclusion duration 15 s); and a MS/MS scan range of 100 -1800 m/z, with a scan time of 100 ms.
Date analysis
Data acquired from LC-MS/MS were analysed using the Mascot software (version 2.4.1, Matrix Science, London, UK). Proteins were identified by searching peptide spectral matches against the Swissprot_2014_07 database (taxonomy: Rattus, containing 7906 sequences). The parameters utilized included trypsin as the digestion enzyme, two or fewer missed cleavage sites and cysteine carbamidomethylation (57.02146) as a fixed modification. The precursor ion mass tolerance and the fragment ion mass tolerance were set to ppm and 0.05 Da respectively. Protein identifications from Mascot were validated using the Scaffold Proteome Software (version 4.3.3, Proteome Software Inc., Portland, OR). Peptide identifications were accepted if false discovery rate (FDR) was less than 1.0% and if at least 2 unique peptides were identified from the same protein. iTRAQ, Scaffold Q + was used for Label Based Quantification (TMT, iTRAQ, SILAC, etc.) of peptides and proteins. For each channel, the acquired reporter ion intensities were normalized by the sum of all reporter ion intensities of that channel. Normalized intensities were then used to calculate the Fig. 1 . Histological examination of control and silica-exposed rat lung. A. Low (top) and high (bottom) power images of control and silica-exposed lung after van Gieson (VG) staining. Right). Quantitative assessment of area and number silicotic nodules in the lungs of control and silica-exposed rats. Western blot analysis for collagen I (COLI) and α-smooth muscle actin (α-SMA) in whole lung tissues and isolated fibroblasts from control and silica-exposed rats Abbreviations: C, control; S, silicosis. Statistical significance was assessed using the Student's t-test.
relative protein abundance and quantify protein ratios [11] . Proteins identified from these analyses were further analysed to determine function, ontology and location using the PANTHER classification system (Protein Analysis Through Evolutionary Relationships; http:// www.pantherdb.org/) [10] .
Silicosis model
Male Wistar rats were purchased from Vital River Laboratory Animal Technology Co. Ltd. (SCXY 2009-0004 ; Beijing, China) and all experiments were performed in accordance with the regulations set by the Committee on the Ethics of North China University of Science and Fig. 2 . pro COL V, COLXI and VCAM1levels are increased in the rat lung after silica exposure. A-C) Western blot analysis for pro COL V, COLXI and VCAM1 in control and silica exposed rat lung tissues. Quantitative analyses of immunoblots are shown in (C). D) IHC for expression pro COL V and COLXI in lung tissues from control (left) andsilica-exposed rats. Statistical significance was assessed using the Student's t-test.
Technology. Silica dust was delivered to rats using a HOPE MED 8050 exposure control apparatus (HOPE Industry and Trade Co. Ltd, Tianjin, China) with the SiO 2 (s5631, Sigma-Aldrich, St. Louis, MO, USA) concentration maintained at 40 µg/m 3 [9] . At experimental endpoints, bronchoalveolar lavage was performed with 0.9% saline and whole lung tissues were then snap-frozen in liquid nitrogen.
Immunohistochemistry (IHC)
Paraffin-embedded tissue sections were used for IHC. Endogenous peroxidases were quenched with 3% H 2 O 2 and antigen retrieval was performed using a high-pressure method with deparaffinised sections. The samples were then incubated with primary antibodies against Fig. 3 . TM214, VLDLR and SDC2 expression is increased in the rat lung after silica exposure. A-C) Western blot analysis for TM214, VLDLR and SDC2 in control and silica exposed rat lung tissues. Quantitative analyses of immunoblots are shown in (C). D) IHC for expression VLDLR and SDC2 in lung tissues from control (left) andsilica-exposed rats. Statistical significance was assessed using the Student's t-test. Fig. 4 . siRNA knockdown or VLDLR or SDC2 in lung fibroblasts reduces TGF-β1-induced collagen. A) Effectiveness of different siRNA probes in knockdown expression of VLDLR or SDC2. B) siRNA knockdown of VLDLR reduces expression of pro COL I, pro COL V, pro COLXI and α-SMA in MRC-5 fibroblasts; siRNA knockdown of SDC2 reduces expression of pro COL I, pro COL V, and pro COLXI in MRC-5 fibroblasts. C) siRNA knockdown of VLDLR reduces expression of pro COL I, pro COL V, pro COLXI and α-SMA in TGF-β1 treated MRC-5 fibroblasts. siRNA knockdown of SDC2 reduces expression of pro COL I, pro COL V, pro COLXI and causes a non-significant reduction in α-SMA in TGF-β1 treated MRC-5 fibroblasts. Statistical significance was assessed using the one way ANOVA.
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procollagen V(pro COL V, A1515, ABclonal Biotech, Wuhan, China), procollagen XI (pro COL XI, DF3553, Affinity Biosciences, Cincinnati, OH, USA), VLDLR (TA309928, OriGene Technologies, Rockville, MD, USA) or SDC2 (A1810, ABclonal Biotech, Wuhan, China) at 4°C overnight. The following morning, tissue sections were incubated with secondary antibody conjugated with the horseradish peroxidase enzyme (PV-6000; Beijing ZhongshanJinqiao Biotechnology Co. Ltd, China) at 37°C for 20 min. Immunoreactivity was visualised with using the DAB substrate (ZLI-9018; ZSGB-BIO, Beijing, China) and the nuclei were stained with hematoxylin.
Western blot analysis
The whole cell and lung tissue lysates were extracted with RIPA buffer (Tris-HCL 50 mM; NaCl 150 mM; EDTA 1 mM; 1% of the NP-40; 0.5% of the Sodium deoxycholate; 0.1% SDS) containing a protease inhibitor cocktail (Sigma-Aldrich). Total protein levels were quantified using a Bradford assay (PC0020; Solarbio, China) as previously described. Protein lysates (20 μg/lane) were separated on a 13% gel by SDS-PAGE and were electro-transferred onto polyvinylidene fluoride (PVDF) membranes (Amervehicle Biosciences). The membranes were blocked with 5% non-fat milk and incubated with primary antibodies against pro COL I (AF7001, Affinity Biosciences, Cincinnati, OH, USA), pro COL V, pro COL XI, Vascular cell adhesion protein (VCAM, ab134047, Abcam, Cambridge, MA, USA), Transmembrane protein 214 (TM214, TS306822, OriGene Technologies, Rockville, MD, USA), VLDLR, SDC-2 or α-SMA at 4°C overnight. Membranes were next washed in TBST and incubated with peroxidase-labelled affinity-purified anti-rabbit/mouse IgG (H + L) secondary antibody(074-1506/ 074-1806;Kirkegard and Perry Laboratories). Protein bands were visualised using ECL™ Prime Western Blotting Detection Reagent (RPN2232; GE Healthcare, Hong Kong, China) and expressed as a fold change relative to α-Tubulin (Tub α, AF7010; Affinity Biosciences, Cincinnati, OH, USA).
Statistical analysis
Comparisons between two groups were performed using independent sample t-test. Comparisons between multiple independent groups were done using a one-way ANOVA followed by a post-hoc analysis with the Bonferroni test. Values were expressed as a means ± Std, with p-values less than 0.05 considered as statistically significant.
Results
Proteomic profile differs between control and TGF-β1 lung fibroblasts
To identify proteins differentially expressed between control and activated fibroblasts, we performed iTRAQ coupled with LC-MS/MS on rat lung fibroblasts treated with or without TGF-β1 for 24 h. Using scaffold integration, we observed a total of 196 proteins differentially expressed between control and TGF-β1 treated cells. And these proteins were expressed at ≥ 1.2 fold-change (Tables S1 and S2 ) and 20 proteins exhibited a ≥ 1.5 fold-change (Table 1) relative to control.
Bioinformatic analyses of differentially expressed proteins in control and TGF-β1 stimulated lung fibroblasts
Proteins whose expression changed most significantly after exposure to TGF-β1 were classified into functional classes using the PANTHER analysis. Gene ontology (GO) analysis classified proteins into three distinct categories entitled: 1) molecular function; 2) biological process; and 3) components of the cell. Among these categories most proteins were belonged to molecular functions group (Table S3) , and the major subgroups within this category included: 1) catalytic activity (40%); 2) protein binding (26%), and 3) structural activity (20%). In the biological processes category (Table S4) , most proteins belonged to the subgroups: 1) cellular process (26%); 2) metabolic process (22%), or 3) cellular component/biogenesis (10%) subgroup; and proteins within the components of a cell group belonged to 1) cell part (40%); 2) cellular organelle (25%); and 3) macromolecular complexes (18%) ( Table S5) .
Within PANTHER, class ontology was also performed (Table S6) , with the largest number of proteins assigned to the following categories:1) nucleic acid binding (18%); 2) hydrolase (10%); 3) enzyme modulator and transferase (each 7%); 4) cytoskeletal protein (6%); 5) signalling molecule (6%); and 7) transfer/carrier protein (6%). Pathway analysis showed that all proteins that were differentially expressed in response to TGF-β1fell into one of the following signalling pathways: 1) integrin; 2) angiogenesis; 3) CCKR; 4)conadotropin-releasing hormone receptor; 5) p53; 6) Alzheimer disease-presenilin; 7) blood coagulation; 8) cadherin; 9) cholesterol biosynthesis; 10) FGF or 11) Wnt signalling pathways (Table S7 ).
Proteins increased in TGF-β1 stimulated lung fibroblasts were also increased in the silica-exposed rat lung
To determine whether in vitro findings were representative of changes in vivo, we next performed IHC and western blot analysis on control and silica-exposed lung tissues for those proteins whose expression changed most significantly (≥1.5 fold increase) in response to TGF-β1 treatment. However, our analysis was limited to proteins in which a commercially available antibody for IHC or WB was available; this included the proteins COLV, pro COL XI, VCAM1, TM214, VLDLR, and SDC2 for protein identification.
As shown in Fig. 1A , van Gieson (VG) staining confirmed the ability of our model to induce severe fibrotic responses in the rat lung as demonstrated by an increase in extracellular matrix deposition and the large number of silicotic nodules. Western blot analysis also showed an increase in COLI and α-SMA in whole lung tissues and primary lung fibroblasts after silica exposure (Fig. 1B) .
As shown in Fig. 2 , Western blot analysis revealed a marked increase in the expression of pro COL V, pro COL XI, and VCAM1 in the lungs of silica exposed rats, including whole lung tissues and freshly isolated lung fibroblasts. Moreover, IHC staining of the lung showed the elevated levels of pro COL V and pro COL XI was confined mostly to the interstitium of the lung, particularly in areas with evidence of active inflammation and fibrosis. Despite multiple attempts, staining for VCAM1 was detected in either the control or the silica-exposed rat lung, indicating that our antibody could not be used for IHC.
In addition to the above proteins, we found that levels of VLDLR and SDC2 were also markedly increased by western blot in whole lung tissues and isolated fibroblasts after silica exposure. (Fig. 3 ). Significant increases in VLDLR and SDC2 expression were also observed by IHC in the silica-exposed lung.
Knockdown of VLDLR or SDC2 reduces collagen deposition in TGFβ1stimulated fibroblasts
Although not entirely surprising that collagen levels pro COL V and COL XL) and VCAM expression [1] were increased in fibrotic lung tissues we were intrigued by the observation that levels of VLDLR and SDC2 were also markedly elevated in the lung after silica exposure. Even after an exhaustive search, we were unable to find any reports linking either VLDLR or SDC2 to silicosis in any tissues. Based on this, we speculated whether changes in the expression of VLDLR or SDC2 can influence fibrotic responses to TGFβ1 in lung fibroblasts. To test this, we next performed siRNA knockdown of VLDLR or SDC2 in MRC-5 cells using several different siRNA probes. Because the quantity of gene knockdown varied with different siRNAs we utilized only siRNAs demonstrating the most effective knockdown in our studies; this was siRNA 2 and 3 for VLDLR, and siRNA 3 for SDC2 (Fig. 4) .
As shown in Fig. 4 , we found that knockdown of VLDLR markedly reduced pro COL I, pro COL V, pro COL XI and α-SMA expression in MRC-5 fibroblasts treated with TGFβ1 or not. Moreover, we also found that knockdown of SDC2 significantly suppressed pro COLI, pro COL V, pro COL XI expression, although non-significant decreases in α-SMA levels were seen under the conditions with TGFβ1 or not.
Discussion
Biomarker discovery can be accomplished using a variety of proteomic approaches and biological specimens, including urine, serum or lysates from whole organ digests. However, for research in solid organs, such as the heart, brain, kidney or lung, it is often difficult to obtain sufficient quantities of patient samples for proteomic work. Moreover, tissue lysates, are composed of a conglomeration of different cell types, such as epithelial cells, smooth muscle cells, fibroblasts, immune cells and endothelialium, making it difficult to uncover novel biological mechanisms in individual cell types. Thus, in vitro models of individual cell populations are often employed to identify novel candidate biomarkers of functional processes in vivo [12] .
In this study, we performed iTRAQ-coupled LC-MS/MS analysis on rat lung fibroblasts treated with or without TGF-β1 to identify novel markers of activated myofibroblasts in the silica-exposed lung. From these studies, we identified many proteins differentially expressed and 196 proteins expressed at ≥ 1.2 fold relative to control. Importantly, many of these proteins were novel markers and had not previously been linked to TGF-β1 signalling in the lung, including several whose functional classes have been intimately tied to myofibroblast activation such as integrin and angiogenesis pathways as well as those less clearly associated with myofibroblast biology such as nucleic acid binding, hydrolase activity and transferase activity.
An important finding in this study was the observation that some of the proteins we identified in our proteomics analyses were also differentially expressed in the lung after silica exposure. For example, we found that levels of pro COL XI and pro COL V were markedly increased in the silicotic lung, although these findings were not surprising given the fact that collagen production is a well-recognized by product of TGF-β1 signalling [13] . However, we also found that VCAM were significantly increased in the lung after silica exposure. The former findings are also not unexpected given that transcript and protein levels of VCAM are reported to be increased in fibroblastic foci of IPF lungs [1] .
Two other proteins found to be differentially expressed in our proteomic analyses were VLDLR and SDC2. We were intrigued by these observations because our review of the literature had not previously associated these proteins with silicosis. Western blot analysis and IHC confirmed that both proteins were increased in whole lung tissues and isolated fibroblasts from the lungs of silica-exposed rats. Interestingly, VLDLR expression is known to be increased in the fibrotic caps of atherosclerotic lesions in systemic blood vessels, suggesting it may be involved in more than just lipid trafficking [3] . In IPF patient lung tissues, SDC2 was found to be over-expressed in two reports [2, 15] . More importantly, we found that knocking down the expression of either VLDLR or SDC2 effectively reduced collagen production, supporting the notion that these proteins play a role in the pathobiology of pulmonary fibrosis.
In conclusion, iTRAQ coupled LC-MS/MS of TGF-β1-induced fibroblasts can be utilized to identify novel markers of silica-induced lung fibrosis. Future mechanistic studies will be needed to uncover whether individual proteins are simply a marker of disease or play a biological role in the onset or progression of pulmonary fibrosis.
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